Raman spectroscopic detection is one of the suitable methods for the detection of chemical warfare agents (CWAs) and simulants. Since the 1980s, many researchers have been dedicated to the research of chemical characteristic of CWAs and simulants and instrumental improvement for their analysis and detection. The spatial heterodyne Raman spectrometer (SHRS) is a new developing instrument for Raman detection that appeared in 2011. It is already well-known that SHRS has the characteristics of high spectral resolution, a large field-of-view, and high throughput. Thus, it is inherently suitable for the analysis and detection of these toxic chemicals and simulants. The in situ and standoff detection of some typical simulants of CWAs, such as dimethyl methylphosphonate (DMMP), diisopropyl methylphosphonate (DIMP), triethylphosphate (TEP), diethyl malonate (DEM), methyl salicylate (MES), 2-chloroethyl ethyl sulfide (CEES), and malathion, were tried. The achieved results show that SHRS does have the ability of in situ analysis or standoff detection for simulants of CWAs. When the laser power was set to as low as 26 mW, the SHRS still has a signal-to-noise ratio higher than 5 in in situ detection. The standoff Raman spectra detection of CWAs simulants was realized at a distance of 11 m. The potential feasibility of standoff detection of SHRS for CWAs simulants has been proved.
Introduction
Chemical warfare agents (CWAs) have been used to against military personnel during conventional warfare in history. 1 Nowadays, due to the increasing threat of terrorist activities, the focus has now broadened to encompass the threat posed to civilians. 1 Since the 1980s, several research teams have been devoted to the research of detection methods of chemical agents and their simulants. [2] [3] [4] [5] [6] [7] Raman spectroscopic detection is one of the suitable methods due to its significant advantages in chemical analysis. In 1988, Steven D. Christesen in the U.S Army Chemical Research, Development, and Engineering Center published their achievements on Raman crosssections of CWAs and simulants. 4 The differential Raman scattering cross-sections of the CWAs tabun (GA), sarin (GB), sulfur mustard (HD), O-ethyl-S-diisopropyl amino methyl methyl phosphonothiolate (VX), and the simulants dimethyl methyl phospnonate (DMMP) and diisopropyl methylphosphonate (DIMP) were measured with visible (Vis) and ultraviolet (UV) wavelength excitation. According to the results, the author thought that even Raman lidar lacked adequate sensitivity for application to CWAs remote sensing. 4 However, 30 years later, people are not giving up the effort of finding suitable methods to detect the Raman spectra of CWAs and simulants. The instruments used for Raman spectra detection have experienced huge 1 improvements with the development of high power lasers, high sensitivity detectors, and high throughput spectrometers. The standoff detection for CWAs and their simulants has become practicable. In 2010, Ortiz-Rivera et al. published their work on remote Raman detection of CWAs simulants and toxic industrial compounds. 8 Limited by fiber optic coupling, their system required a large laser power of 1 W for continuous wave (CW) laser excitation at a distance of 6.6 m.
Spatial heterodyne Raman spectrometer (SHRS) is a new developing instrument for Raman detection. Several groups have used the instrument for mineral analysis, chemical analysis, and standoff detection. [9] [10] [11] It is already well known that SHRS has the characteristics of high spectral resolution, a large field of view (FOV), and high throughput; it does not have moving parts and can be built as a rugged and compact package. In 2015, Lamsal et al. achieved the Raman spectra of some minerals at a distance of about 18 m using SHRS. 11 Inspired by their work and results, we think that maybe SHRS can also be used for the detection of CWAs and simulants. The experiments and the results shown in the article have demonstrated our idea.
Experimental Methods

Simulants
The ideal simulants for Raman detection are those that have spectral characteristics (i.e., Raman spectra, Raman cross-section, and absorption cross-section) as well as physical characteristics (i.e., viscosity and vapor pressure) similar to those of the actual CWAs. 12 A list of chemical agent simulants we have chosen is provided in Table 1 . The simulant chemicals, dimethyl methylphosphonate (DMMP), diisopropyl methylphosphonate (DIMP), triethyl phosphate (TEP), diethyl malonate (DEM), and methyl salicylate (MES), were purchased from Acros Organics. The 2-chloroethyl ethyl sulfide (CEES) was purchased from Adamas Reagent Co., Ltd. The malathion was purchased from Shanghai Pesticide Research Institute. The real CWAs are toxic and cannot be achieved by our group easily, so we cannot test the performance of SHRS for real CWAs. We also chose cyclohexane (CY), which was brought from Xiya Chemical Industry Co., Ltd., as the standard source to calibrate the Raman shift for our detection system. The reference Raman spectrum of CY was obtained from the Spectral Database for Organic Compounds (SDBS) organized by National Institute of Advanced Industrial Science and Technology (AIST).
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Often used as flame retardant, DMMP is a suitable simulant for a G-series nerve agent because it is relatively nontoxic and easily detectable. DMMP will react with thionyl chloride to produce methylphosphonic acid dichloride, which is used in the production of sarin and soman. 14, 15 DIMP is a chemical by-product resulting from the manufacture of sarin gas and can also be used as the simulant for soman. 16, 17 TEP, which is a common intermediate in the manufacture of pesticides, 18 has been used as an organophosphate nerve agent simulant for many CWAs, particularly for G-series agents. 19 DEM, which is used in perfumes, is a simulant for soman. 20, 21 MES, which is an organic ester naturally produced by many species of plants, particularly wintergreens, is a simulant or surrogate for the research of chemical agent sulfur mustard, due to its chemical and physical properties.
22, 23 The less toxic CEES is a simulant of sulfur mustard due to their structural similarity. 24 Malathion, which is an ordinary organophosphate insecticide of relatively low human toxicity, is a simulant for the nerve agent of VX since these two substances share structure and biological activity similarities. 25 
Spatial Heterodyne Raman Spectrometer
All of the Raman spectra used in the article were achieved using our SHRS ''breadboard.'' The breadboard looks like a Fourier transform (FT) Raman spectrometer based on the Michelson-structure with the two mirrors replaced by two gratings. The SHRS has no moving parts and can achieve a very high spectral resolution with a small and robust structure. Figure 1a illustrates the SHRS we used to achieve raw interferograms in situ detection. All components are commercial off-the-shelf products. The groove density of the gratings used (Edmund Optics #64-402) is 150 grooves/mm. The area of the two gratings was 25 Â 25 mm. The Littrow wavelength of the two gratings was set to about 532 nm. The pixel numbers of the charge coupled device (CCD; Andor, iKon-M) were 1024 Â 1024. The active pixel numbers we had used were 800 Â 800. The laser (Changchun Laser Optoelectronic Technology Co, Ltd. MW-ZGL-532/300 mW) power was operated from 0 to 318 mW. In the experiment, samples in a quartz cuvette were placed on the focus plane of the collimation lens (Thorlabs, AC-508-075-A). The focal length of the collimation lens was 75 mm. The angle between the laser and optical axis was about 135 . A 532 nm longpass edge filter (Semrock LP03-532RE-25) was used to filter out the Rayleigh light, laser light, anti-Stokes Raman shift bands, and ambient light lower than 532 nm in wavelength. The cooled temperature of the CCD was set to À50 C and the room temperature was about 15-20 C. All lights were turned off to decrease the ambient light. More detailed introductions about the basic theory of SHRS can be seen in Hu et al. 27 In the standoff detection (see Fig. 1b ), the collimation lens was replaced by a MEADE ETX-125 Maksutov Cassegrain telescope (125 mm clear aperture, 1900 mm focal length, f /15). Because of the limited space in our laboratory, a mirror with a diameter of 200 mm was placed at a distance of 4 m with the telescope to fold the path. More detailed introductions about the standoff SHRS breadboard can be found in Hu et al. 28 The spectral calibration theory can also be seen in Hu et al. 26 We chose the CY as a calibration source. We tested the CY twice before and after the in situ detection experiments to estimate the calibration error of Raman shift caused by the temperature shift of environment and mechanical vibration of the breadboard. The laser power was set to 196 mW and the integration time was set to 10 s. Figure 2 presents the calibration result of the SHRS breadboard used for in situ detection before the simulants detection. Figure 2a is the raw interferogram of cyclohexane. Figure 2b is the interferogram after baseline removed. The baseline (or non-modulation term of the interferogram) removal is realized only by polynomial fitting and no flat-fielding is used. Figure 2c presents the cross-sections of a raw interferogram and interferogram after baseline removed. Figure 2d is the recovered Raman spectrum of CY with filling zeroes of 16 384 points. 27 An ideal interferogram I(x) can be expressed as Eq. 1:
where, s 0 is the Littrow wavenumber, y L is the Littrow angle, R(s) is the incident Raman spectrum.
The non-modulation term of the interferogram C can be written as Eq. 2:
For a discrete sampling interferogram, the modulation term I 0 can be expressed as Eq. 3:
where i ¼ 1, 2, 3,. . ., 800 for our SHRS, Áx is the sampling interval, or the pixel width of the CCD detector (13 mm).
We can see that C is a constant if the interferogram is ideal one and it is easy to remove. However, the real interferogram is far away from an ideal one, so we use the method of the polynomial fitting. The fitting equation is given in Eq. 4:
where a i is the fitting polynomial factor. The method was realized by the Matlab polyfit function and n ¼ 8. The whole interferogram was fitted row-by-row. The method cannot remove the fixed noise of the system, such as the contaminants on the surface of the gratings and the detector. Therefore, the noise of the recovered Raman spectrum is higher compared with the Raman spectrum recovered using the flat-fielding method, especially for the Raman shift region near the Littrow wavenumber. Fortunately, we have not found the method that can introduce spurious peaks into the recovered Raman spectrum. The estimated relationship between the Raman shift R s1 (cm À1 ) and Fringes F (F ¼ 1, 2, 3 ,. . .,8192) can be given in Eq. 5 according to the result shown in Fig. 2d and the calibration theory. The spectral interval is 4.54 cm À1 (0.2215 cm -1 Â 8192/ 400). The FWHM of 803 cm À1 is about 10 cm À1 , which can be seen as the real spectral resolution.
After the in situ detection, we tested the CY again. The estimated relationship between the Raman shift R s2 (cm À1 ) and fringes F can be given as Eq. 6.
Thus, the maxim calibration error of Raman shift is about AEmax(jR s1 ÀR s2 j) & AE2 cm À1 .
Results and Discussion
In Situ Detection
In the experiment of in situ detection, the DMMP, DIMP, TEP, DEM, MES, and CEES were placed in a quartz cuvette (10 Â 10 Â 50 mm). The MAL was placed in its brown container bottle due to the limited quantity of 250 mg. The laser power was set to 26 mW or 196 mW. The integration time was set to 10 s. The cooled temperature was set to À50 C and the room temperature was about 15-20 C. All the lights were turned off to decrease the ambient light.
Considering the diameter of the laser beam (1/e 2 , about 1.5 mm), the laser power density is 1471.3 mW/cm 2 when the laser power was set to 26 mW, or 11091.3 mW/cm 2 when the laser power was set to 196 mW at the samples. Compared with many other in situ Raman systems using dispersive grating spectrometers that often focus the laser beam to tens to hundreds of microns to the samples, SHRS can allow bigger laser points due to its characteristic of large FOV. Thus, the laser power density of SHRS is lower than these spectrometers, which is safer for the operators and the samples. If a field-widened SHRS is used, the allowed laser point at the sample can be larger to several times than the SHRS breadboard we had built. Figure 3 gives the recovered Raman spectra of these chemical agent simulants. Figure 3a shows the Raman spectra achieved at the laser power of 26 mW and the integration time of 10 s. Figure 3b shows the Raman spectra achieved at the laser power of 196 mW and the integration time of 10 s. From the result, we can find that even the laser power was set to as low as 26 mW, the main Raman bands of these simulants can still be recognized clearly. Some weak Raman bands, such as the bands at about 504 cm À1 of DMMP and 509 cm À1 of DIMP, are a little hard to recognize due to the strong fluorescence introduced by the contaminants on the surface of the quartz cuvette. When the laser power was set at a high level of 196 mW, the achieved Raman spectra are much better and nearly all the Raman bands can be distinguished. We can also find that some Raman peak locations are not same between the two laser powers of 26 mW and 196 mW. This may be caused by temperature shift and mechanical vibration of the breadboard.
The estimated signal-to-noise (S/N) ratio is given in Table 2 in order to quantify and evaluate the quality of the achieved Raman spectra. SNR 1 represents the S/N ratio of Raman spectra achieved at the laser power of 26 mW. SNR 2 represents the S/N ratio of Raman spectra achieved at the laser power of 196 mW. The noise N is estimated by calculating the difference between the maximum and minimum of the spectral intensity in the spectral region without Raman bands. The mean value of the spectral intensity of the same spectral region acts as the baseline of the whole Raman spectrum. The difference between the intensity of a Raman peak of the Raw Raman spectrum and the baseline is the estimated Raman signal S of this Raman peak. The SNR of the Raman peak is given by S/N. From Table 2 , we can find that even the laser power was set to as low as 26 mW, the main Raman peaks have a SNR more than 5, which can satisfy the basic requirement of quantitative analysis. Because of the low transmission and strong fluorescence of the brown container bottle of MAL, the Raman spectra of MAL at both two laser powers suffer from serious background. The achieved SNR of MAL is not very high; however, it is already exceeding our expectation.
Standoff Detection
In the experiment of standoff detection, the DMMP, DIMP, TEPO, DEM, and MES were placed in a 150 mL beaker.
The detection of malathion was not tried because of its limited quantity. All of the Raman spectra were achieved using laser power of 318 mW and an integration time of 60 s. Considering the diameter of the laser beam (1/e 2 , about 1.5 mm) and beam divergence (full angle, about 1.5 mrad), the laser point was about 18 mm and the laser power density was about 125.0 mW/cm 2 at the samples. Figure 4 gives the interferogram and recovered Raman spectra of MES achieved at the laser power of 318 mW and the integration time of 60 s at the distance of 11 m. Figure 4a is the raw interferogram of MES. The ''dark hole'' in the center of the interferogram is caused by the obscuration of the secondary mirror of the telescope. Figure 4b is the interferogram after baseline removed. Figure 4c gives the cross-sections of raw interferogram and interferogram after baseline removed. Figure 4d is the recovered Raman spectrum of MES with filling zeroes of 16384 points. The obscuration can lose some Raman photons arrived at the telescope and break the illumination uniformity of the gratings, but we can find that the Raman spectra can still be recovered. If a non-obscuration telescope with the same diameter and focal length is used, the recovered Raman spectra should be better. Figure 5 gives the recovered Raman spectra of these CWA simulants placed at a distance of 11 m. Figure 5a shows the Raman spectra achieved at the laser power of 318 mW and the integration time of 10 s. Figure 5b shows the Raman spectra achieved at the laser power of 318 mW and the integration time of 60 s. The main Raman bands of DMMP, DIMP, MES, and CEES can be clearly recognized at the integration time of 10 s. The Raman bands of TEP and DEM are hard to be distinguished due to their low Raman cross-sections. When the integration time was set to 60 s, some of the main Raman bands of TEP and DEM can be recognized from the Raman spectra, but still suffer from serious spikes and noise. Table 3 gives the estimated S/N ratio of the recovered Raman spectra in standoff detection. At the integration time of 10 s, the main Raman bands, such as the bands at about 715 cm À1 of DMMP, 721 cm À1 of DIMP, and 811 cm
À1
of MES can achieve a S/N ratio higher than 5. At the integration time of 60 s, most of the Raman bands can have a S/N ratio higher than 5. The result can demonstrate that SHRS does have the ability to detect CWAs at a long distance. 
Conclusion
The Raman spectrometer is a suitable instrument for CWA and simulant analysis and detection. As a new developing method used in Raman analysis, the SHRS has many advantages over traditional Raman spectrometers. It can satisfy the requirement for CWAs and their simulant analysis. The Raman spectra of some typical chemical agent simulants have been measured using a spatial heterodyne spectrometer breadboard. Both in situ detection and standoff detection were tried. The result of in situ detection shows that the S/N ratio of most Raman bands of DMMP, DIMP, TEP, DEM, MES, and CEES can be higher than 5 at the lower laser power of 26 mW. The result of standoff detection shows that the S/N ratio of the main Raman bands, such as the bands at about 715 cm À1 of DMMP, 721 cm À1 of DIMP, and 811 cm À1 of MES can achieve a S/N ratio more than 5 at the integration time of 10 s and the laser power of 318 mW. The result shown in the article can demonstrate that the SHRS does have the ability to detect and analyze CWAs and simulants.
